The research community is experiencing a revolution in microscale and nanoscale heat transfer, with a focus on developing fundamental experiments and theoretical techniques. More recently, these advancements have begun to influence the design of electronic systems. A futuristic electronic cooling solution might include high efficiency thermoelectric devices made from nanomaterials for the cooling of hotspots on a chip, nano/micro particle laden thermal interface materials and micro-pin fin/microchannel based heat exchanger.
INTRODUCTION
The research community is experiencing a revolution in microscale and nanoscale heat transfer, with a focus on developing fundamental experiments and theoretical techniques. More recently, these advancements have begun to influence the design of electronic systems. A futuristic electronic cooling solution might include high efficiency thermoelectric devices made from nanomaterials for the cooling of hotspots on a chip, nano/micro particle laden thermal interface materials and micro-pin fin/microchannel based heat exchanger.
Liquid cooling using integrated microscale heat exchangers is a promising future technology to address issues associated with integrated circuit thermal management. In this paper recent advances made by us on technology development of microchannel/micro-pin-fin heat exchangers is presented. Particular attention is given to the impact of hotspots on the performance of microchannel cooling. 
Figure 2:
Illustrative IR images of two typical microprocessors showing on-die hot spots due to nonuniform power distributions on die. Die sizes are not to scale. [1] establish research and development focus for future non aircooling technologies.
Figure 3:
Schematic illustrating typical die power map and the hot spots on the corresponding die temperature map. The red region represents the highest temperature spot. [1] For better understanding of the cooling capability for different thermal solutions used in CPU cooling, we use the concept of density factor (DF) proposed for the package performance by Torresola et. al. [3] . This metric can be used to quantify the impact of non-uniform die heating on thermal management difficulty for a specific package. The advantage of using this metric is its ability to provide a better comparison of the impact of different power maps and die sizes on a specific package based thermal management technology.
Figure (4) shows state-of-the-art thermal package comprising of an integrated heat spreader (IHS) made of copper, heat sink and thermal interface material (TIM) between the chip and the IHS (TIM1) and between the IHS and the heat sink (TIM2). Based on Figure (4) , the junction-to-case density factor for a package is defined as:
where Ψ jc (ºC/W) is the thermal resistance from junction to case and R package (ºC-cm 2 /W) is defined as the thermal resistance normalized by die area (thermal impedance), when the die is uniformly powered. R package is given by:
where R package , R si , R TIM1 and R spreader are the thermal impedances of package, silicon, first level thermal interface material (TIM) and heat spreader, respectively. Another important metric used for the cooling technology comparisons is the sink to ambient resistance:
where T s is the sink maximum temperature, and T a is the ambient temperature and P is the CPU power dissipation. Total thermal resistance is given by: 
Note that P and DF depend on the electrical design of microprocessors and to stay on the course of Moor's law, may increase for next-generation microprocessors although mutlicore architecture can limit the increase in P. Equation (5) contains all the relevant terms in guiding thermal technology development.
Assuming that T j for next-generation of microprocessors has to be the same as current technology, then thermal resistance of various components has to decrease. Ψ TIM2 is typically a small portion of the total thermal resistance. Therefore, it leaves thermal designers with two choices: improvement of R package and Ψ sink . Since R package is multiplied by DF reduction in R package leads to greater reduction in Ψ tot . It is because of this reason industry to putting a great amount of effort in reducing R package . Ψ sink is also important; however, choices are limited, because finally the heat has to be dumped into air and is therefore limited by the low thermal conductivity of air. Therefore, for reducing Ψ sink , the only choice is to increase the volume of the heat sink after exhausting all other optimization techniques such as heat pipe heat sinks and increase in airflow rate. Increasing the air flow rate comes with penalty of higher level of noise. The volume of the heat sink is constrained by space constraints. Therefore, the volume of the heat sink can only be increased by using a remote heat exchanger. Remote heat exchanger in this paper means that heat sink is not directly attached on top of the package, but is installed somewhere else in the chassis. Based on the previous discussion, it is clear that if both P and DF increase in the future, thermal technology development should be focused on: 1) Reduction of R package , and 2) Use of remote heat exchanger R package consists of three components. R si can not be changed due to fixed conductivity of Si. R TIM1 can be potentially optimized by using of micro and nano particles such as carbon nanotubes or metallic solders. R spreader can also be changed. This can be achieved by using high thermal conductivity material. The state-of-the-art heat spreaders already made of copper. Therefore choices are limited as copper has very high conductivity and other high conductivity material such as diamond are unpractical to use due to high cost and other challenges. Other way to decrease R spreader is to use microchannel liquid cooling due to high heat transfer coefficients and Microchannel cold plate Micro/Nano particle laden TIM TFTEC Figure 5 : A futuristic thermal solution using micro and nanotechnologies.
large suface area. Liquid cooling will also enable the use of a remote heat exchanger and can possibly increase the efficiency of the remote heat exchanger. Therefore use of microchannel decreases both R package and Ψ sink leading to double advantage as seen from Eq. (5).
Since thermal design is based on the maximum T j on the die, another strategy that could be followed is to locally cool the die at the hotspots by using thin film thermoelectric cooler (TFTEC) made of nanostructured thin film super-lattice [4] . Ψ jc in Equation (2) is given by:
By locally cooling the hotspots using TFTEC, the net effect is a decrease in Ψ jc leading to a decrease in effective DF as seen from Eq. (1). The use of TFTEC will however lead to an increased burden on the other cooling components due to the electrical power that is put into the TEC to achieve the desired cooling effect. Since TFTEC is used only to cool a few localized hotspots, not the whole chip, the increase in the total power to be dissipated by the other components is expected to be low. Figure 5 conceptually shows the idea of the use of various nano and micro technologies for the next-generation microprocessor cooling. The focus of this paper is on the merits and demerits of microchannel cooling for electronics cooling.
SINGLE PHASE MICROCHANNEL COOLING
Since Tuckerman and Pease [5] introduced the concept of microchannels, there have been numerous experimental and theoretical studies performed in the area of microchannels for heat transfer applications. Almost all the study in the literature on microchannels have been conducted under uniform heating conditions. The heat generation from microprocessors is nonuniform [1] due to the presence of multiple hotspots as shown in Fig (2) . There is a need to perform experimental study on the effects of hotspots on the microchannel performance. There is also a possibility of flow maldistribution among various channels depending on the design of the inlet and outlet manifolds in a microchannel. To understand the effect of flow on temperature, multitude of temperature sensors will be needed.
To address some of the challenges discussed above and to conduct experiments under hotspot heating conditions we have recently fabricated a unique test structure [6] . Our device is unique because we have fabricated 20 integrated temperature sensors to adequately capture the thermal resistance of the microchannel heat exchanger. Figure (6) shows the schematic of the our device. Figure (7) shows one of the one of the devices. In our device there are two heaters as shown schematically in Fig. (8) . Apart from the main heater, there is a small (400µm X 400µm) hotspot heater to provide localized heating. The details of the fabrication of our devices are available elsewhere [6] . After the fabrication of the microchannel heat exchanger with integrated heaters and temperature sensors, dimensional measurements of all the samples were performed using SEM. Figure (9) shows the SEM picture of the three microchannel designs. Dimensions given in Table 1 are based on SEM measurements.
The experimental setup for the microchannel heat exchanger was constructed to measure flow rate, pressure drop, and thermal resistance. The cooling fluid (deionized water) was driven by a positive-displacement pump and two manual valves were used to control flow rate through the microchannel heat exchanger.
Flow rate was measured using a commercially-available turbine flowmeter. to the microchannel fluid inlet and outlet. A commerciallyavailable gage pressure transducer of range 0-25 psig was also connected to the fluid inlet. Thermal resistances of the microchannel heat exchanger were calculated from the silicon die to the cooling fluid based on die temperature, fluid temperature, and die heater power.
Die temperatures were measured using resistance temperature detectors (RTD's) fabricated directly on the die as mentioned earlier, and the fluid temperature was measured with 36-gauge K-type thermocouples installed in the microchannel inlet and outlet reservoirs. The system performed four-wire resistance measurements across each RTD and temperature measurements for each thermocouple. Table 1 shows the various test conditions under which these microchannel designs were tested. The highest heat flux from the hotspot heater was 1250 W cm -2 (2 watts from 400 µm X 400 µm area). Table 1 shows the experimental results of both pressure drop and thermal resistance. Two types of thermal resistance were obtained: 1) between maximum junction temperature and inlet temperature of water (R j-in,max ) 2) between maximum junction temperature and outlet temperature of water (R j-out,max ). R j-in,max and R j-out,max are related by
where m & is the mass flow rate and c p is the specific heat of water. Another interpretation of Eq. (7) is that R j-out,max measures the convective and conductive resistances whereas R jin,max also includes the flow resistance. Table 1 shows that R jout,max increases with increasing heat flux from the hotspot heaters. Table 1 shows that R j-out,max is smallest for microchannel 3 followed by microchannel 2 and then microchannel 1. This is because microchannel 1 has the smallest number of channels and highest hydraulic diameter. Our results show that we have managed to cool localized hotspot with a heat flux of 1250 W/cm 2 . We also performed CFD modeling of all the microchannels. The physical model for the CFD is shown in Fig. (10) . In the CFD model the inlet temperature of the water was fixed based on the experimental conditions. CFD modeling was performed for both uniform and non-uniform heating. Figure (10) shows one sample simulation result obtained on microchannel 1. Figure 1 clearly shows that in the uniform heating conditions the maximum temperature on the die surface is towards the downstream edge whereas for the hotspot heating conditions the maximum temperature is right at the hotspot. The results of the CFD models are given in table ***. Table 3 shows that CFD model matches well with the data for both thermal resistance and the pressure drop.
SINGLE PHASE MICRO-PIN FIN COOLING
Peles et al. [7] , in a recent paper, performed a systematic analytical study of micro-pin-fins assuming a conventional long tube correlation for Nusselt number (Nu). Their study indicated that micro-pin-fins can outperform microchannels in certain regimes. For laminar flow the heat transfer coefficient in a microchannel is independent of the flow rate where as in pin array it might increase with increasing flow rate based on the correlations developed for array of macro-pin fins. However, it is not established whether conventional correlations developed for macro pin fins can be applied for micro-pin-fins. Therefore it is important to perform a systematic study on the performance of micro-pin-fins.
There have been only very limited investigation of micro pin heat exchangers under cross flow conditions [8] . Overall, the review indicates that the available literature lacks a systematic study of both hydraulic and thermal performance of micro-pin-fin cold plates. A systematic study of both pressure drop and thermal resistance of MPF arrays is needed to address the following:
1) The variation of Nu with Re for liquid as coolant 2) Friction factor for liquid as coolant for a large number of micro-pin-fin designs 3) The available literature [9] only investigates the hydraulic performance for Re up to 128, yet Re is expected to range between 10 and 1000 in micro-pinfin applications.
It is important to know the performance of the MPF arrays at larger values of Re. 4) Validation/development of correlations for both Nu and f as a function of geometry, shape and Re. In response to the available literature, a systematic study of pressure drop and thermal resistance of square and round staggered micro-pin-fin cold plates was recently performed by us [8] . Tests were conducted at different flow rates using water as the cooling fluid. Figure (11) shows the SEM picture of one of the samples RP4. An experimental parametric study of both hydraulic and thermal performances of various micro-pin-fin arrays was performed . Figures (12) -(14) show the results on the Nusselt number and the friction factor. The main conclusions are as follows:
1) The friction factor varies as Re -1.35 for Re < 100 and as Re -0.1 for Re > 100.
2) The Nusselt number varies as Re 0.84 for Re < 100 and as Re 0.73 for Re > 100. 3) Correlations available in the literature are unable to predict both f and Nu for the micro-pin-fin array developed by fitting the data for Re < 100 and Re > 100 separately 4) More studies are needed with variations in all the relevant length scales to understand the thermal and hydraulic performance of micro-pin-fin arrays.
5) Flow visualization studies might be needed to understand the transition in the behavior of f around Re = 100 for water. We also proposed new correlations for micro-pin-arrays. They are given as [8] Nusselt number increases with increasing Re as shown in Fig. (14) whereas it is a constant for laminar flow in microchannels. Therefore from heat transfer point of view micro-pin-fin can outperform microchannels with increasing flow rate. The friction factor for laminar flow in microchannels is inversely proportion to Re [10] i.e . Therefore pressure drop in micropin-fin will increase at a much faster rate with increasing flow rate for micro-pin-fins as compared to microchannels. Therefore choice of microchannels vs. micro-pin-fins will depend on the system constraint and what trade offs can be tolerated on thermal requirements vs. pumping requirements.
TWO PHASE MICROCHANNELS
Two-phase boiling flow performance is very sensitive to heat flux. Most of the studies on two-phase convective boiling through microchannels have been done under uniform heating conditions. Previous studies under uniform heating conditions have also indicated that in two-phase systems the wall temperature undergoes severe fluctuations [11] . These temperature fluctuations can have a severe effect on the reliable performance of microprocessors. Due to the presence of hotspots in silicon chips, it is important to understand the performance of two phase flow through microchannels under hotspot heating conditions. Recently we performed an experimental study of the effect of hotspots on the performance of a two-phase microchannel heat exchanger using water as coolant [12] . The first testing was performed under uniform heating conditions. The tests were performed using the test chip in Fig.  (8) . The flow rate in all the tests was kept constant at 2.5 ml/min. At small flow rates, there could be substantial heat loss. The heat flow through the microchannel heat exchanger was calculated in the single-phase regime using ) (
Total Power (W)
where, m & is the mass flow rate of the liquid and c p is the specific heat. For the two-phase and hotspot heating conditions, the percentage heat loss was assumed to be same as with single-phase flow under uniform heating conditions. The heat loss from the single-phase condition was estimated to be 25%. Figure (15) shows the maximum wall temperature under uniform heating conditions. The power shown in Figure ( 15) is the power going through the microchannel heat exchanger. The temperature shown in Figure  (15) is the average temperature of 10 readings at each power. These 10 readings are the readings from the last 10 minutes of testing as mentioned earlier. Figure 6 shows that the maximum wall temperature is almost constant with increasing power once the boiling starts. The other two tests were done under hotspot heating conditions. In the first hotspot test, the hotspot power was kept at 0.4 W and the background power through the main heater was varied. Due to the 25% heat loss as mentioned earlier, the true hotspot power going through the microchannel is 0.3 W which translates into a local heat flux of 187.5 W/cm 2 . Figure (15) shows that the maximum wall temperature increases both in the single-phase and the twophase region, but the difference between the uniform heating case and the hotspot heating case is higher in the two-phase region of flow. However, this figure also shows that even with the hotspot, the temperature rise in the two-phase region is much smaller than single-phase region with respect to the power. Figure (15 ) also shows another dataset when the hotspot was powered with 0.6 W. In this case with 25% heat loss, the hotspot power going through the microchannel is 0.45 W which translates into a heat flux of 281.5 w/cm 2 . The trend for this case is similar to the 0.4 W hotspot case. If two-phase microchannel cooling is to become a serious technology option, then the understanding of these temperature fluctuations and their dependence on the hotspot heating conditions is extremely important. So far all the studies in the literature have been performed by either ignoring these fluctuations or evaluating these fluctuations under uniform heating conditions. To the best of our knowledge this is the first study on the impact of local hotspots on the performance of two-phase convective boiling heat transfer in microchannels. This study clearly indicates that the behavior of the microchannel changes if there are hotspots.
SUMMARY
We have shown that single phase microchannel liquid cooling is capable of cooling hotspots with heat flux as high as 1250 W/cm 2 . This results shows the promise of microchannels as a viable cooling option for microelectronics cooling. Our data on micro-pin-array show that the Nusselt number increases with flow rate, thereby leading to higher heat transfer coefficient with increasing flow rate. However the friction factor is a weak function of the flow rate at higher flow rates. Existing correlations based on macro pin fin arrays are incapable of predicting the performance of micro-pin-fin array.
We have also studied the impact of localized hotspot on wall temperature fluctuation in two-phase convective boiling heat transfer. The results show a clear dependence of temperature fluctuation on localized heating. Temperature fluctuations as high as 30 o C were observed. These results clearly show the need to perform more studies and research in understanding the performance of two-phase microchannel heat exchangers under localized heating.
Irrespective of the superior thermal performance, the practical implementation of microchannel for microelectronics cooling will depend on a lot of other factors such as cost, and reliability of other components (e.g. pumps and tubing).
ACKNOWLEDGEMENT
The author acknowledges the financial support of Office of Naval Research through a MURI grant (grant no. N00014-07-1-0723).
